Introduction {#s1}
============

The aim of open science is to increase the accessibility and transparency of scientific research by making changes to the way research is conducted ([@bib27]; [@bib19]; [@bib15]). To date many of the changes proposed and introduced to make research more open have been concerned with confirmatory research: examples include pre-registering studies ([@bib25]), redefining statistical thresholds ([@bib3]), increasing precision by focusing on statistical power ([@bib4]), and conducting replications ([@bib20]).

These changes are all welcome, but we fear that this focus on confirmation gives the impression that confirmatory research is the sole part of the empirical process worth conducting openly, and that other parts -- notably exploratory research -- do not belong within the open-science movement. In this article we argue that that exploratory research does have a place in open science, but we do not believe open exploration will automatically follow from current initiatives that advocate open confirmatory practices ([@bib17]). Instead, exploratory research requires its own protocols and practices to bring it into the open. We start by outlining the problems that arise when exploration is closed and demonstrate that exploration is compatible with the ideals of open science. Thereafter, we outline concrete suggestions to integrate it into empirical practice.

Moving from closed to open exploration {#s2}
======================================

Data exploration can serve a variety of purposes, including: i) getting a holistic overview and understanding of the data; ii) generating a theory or hypothesis; iii) exploring degrees of freedom within the data. Sociological research detailing emotional labor ([@bib11]), the discovery of penicillin ([@bib16]) and the training of AlphaGo ([@bib5]) are a few examples of how exploratory research practices have been critical catalysts for discoveries throughout history. Routinely, advocates of exploratory research champion its value for science ([@bib2]; [@bib7]; [@bib12]; [@bib13]; [@bib23]) and argue that it is insufficiently funded ([@bib1]; [@bib10]; [@bib22]; [@bib26]). With the rise of 'data science', there has been an increased focus on data mining and extracting exploratory information and patterns ([@bib6]). In summary, while the exploration of data is necessary for scientific progress, it is not generally incentivized.

Exploration can be understood through degrees of freedom: the more degrees of freedom a researcher leverages, the more exploratory their work is. The leveraging of degrees of freedom can occur in study design (e.g., piloting experiments), during post-hoc analyses, and as an analysis strategy itself. Moreover, exploratory data analysis has been recognized as a practice distinct from confirmatory analyses since at least 1980 ([@bib23]). Following Tukey, we conceive of exploratory research as an interactive process in which a researcher adopts an attitude of flexibility. This stands in a clear contrast with the characteristics of good confirmatory research. To put the contrast succinctly: productive exploratory research involves taking advantage of degrees of freedom, while good confirmatory practices involve limiting and reducing degrees of freedom.

While exploration is central to progress in many domains of science, it is rarely made public. The current blueprint for a scientific paper encourages the author to feign omniscience: the exact correct hypothesis was known a priori, only a small number of confirmatory statistical tests were run to address that hypothesis, and the tests came out exactly as predicted ([@bib9]). This blueprint is further perpetuated by funding agencies and journals that reward these practices. In reality, before any confirmatory tests are run, there is often significant exploratory science. Therefore, perhaps in service of this omniscience myth, exploration is generally closed.

> Productive exploratory research involves taking advantage of degrees of freedom, while good confirmatory practices involve limiting and reducing degrees of freedom.

This poses several problems. First, by keeping exploration closed, there is little opportunity to improve one's own exploratory practice by studying the methods and strategies used by peers. This is a missed pedagogical opportunity because a big challenge for many young scientists is moving a research program from a blooming, buzzing confusion of infinite scientific possibilities to a specific question worth attempting to confirm. Second, because the standard for current papers is a tight, clean, linear, novel, and confirmatory narrative, researchers are encouraged to mischaracterize their exploratory science as confirmatory science ([@bib25]). Third, many exploratory studies go unreported, contributing to the \'file drawer problem\' ([@bib21]). Fourth, a further consequence of \'closed exploration\' is that a research group can waste time and resources on studies that others know will not work. Fifth, while closed exploration remains the norm, confirmation will be perceived as the only scientific process worth doing, thus discouraging researchers from doing good or thorough exploration. For these reasons, we advocate for open exploration.

In broad terms open exploration involves making all aspects of the exploratory research pipeline available for others to see what has been done, with what, and how. Such practices are compatible with current guidelines and initiatives that promote open research. Specifically, the transparency and openness promotion (TOP) guidelines were created to outline how research practices, broadly speaking, can be conducted openly ([@bib19]; <https://cos.io/top/>). Exploratory research can adhere to the sections of these guidelines that concern transparency of the data, code, research methods, design and analysis. The sections in the TOP guidelines that are not relevant for open exploration are pre-registration (as this demarcates confirmatory from exploratory research) and replication (as this is a type of confirmatory research). Finally, in advocating for and thinking about open exploration, it is critical to recognize that open exploration complements confirmatory research, rather than somehow being in opposition to it.

Proposed implementations of open exploration {#s3}
============================================

We propose two concrete ways to instantiate open exploration: i) include the exploratory science as a distinct section in published papers; ii) place exploratory analyses (regardless of the outcome) on citable public repositories. Before elaborating on these proposals, we present four important additional details. First, we recognize that these solutions will not rectify the entire problem. We offer them as concrete steps forward that are low cost. Second, our proposals aim to promote exploration that does not currently see the light of day. Notably, there is some exploratory research that is already in the open, such as post hoc analyses and fully exploratory studies -- see, for example, the \'exploratory reports\' format adopted by the journal *Cortex*. Third, we admit that these proposals are not necessarily novel but they are stated here to encourage their adoption. Fourth, our experience is primarily in psychology and neuroscience, so our proposals may be best suited to these and related fields. However, we hope that they may be of value to other disciplines that are facing similar challenges as there is nothing discipline-specific about them.

One way to implement the first suggestion would be to include separate sections in scientific papers for exploration. To fit this neatly into current structures, this may involve an exploratory methods section and an exploratory results section. Regardless of the specific implementation, such section(s) would give researchers an opportunity to provide details about pilot studies, initial but incorrect hypotheses, and descriptive and exploratory data analyses that were conducted prior to the confirmatory part of the study. Such section(s) do not need to focus on, if at all, inferential statistical results or power: instead, they should describe the exploratory work that was done and how it led to the hypothesis generation, methods refinement, or any additional insight for the confirmatory research. The subsequent (confirmatory) methods and results sections will then be informed by the exploratory results reported in the paper and would be held to the strict standards of confirmatory science. This re-imagining of the scientific paper will demonstrate that exploratory research is as an important part of the scientific process, instead of discouraging it or pretending it does not occur.

> This re-imagining of the scientific paper will demonstrate that exploratory research is as an important part of the scientific process, instead of discouraging it or pretending it does not occur.

Adopting the first proposal will only make the tip of the exploratory iceberg open. To address the file drawer problem and avoid redundant work by researchers, other exploratory work that is currently considered to be \'non-publishable\' must also be placed in the open. However, we do not want to flood the scientific literature with exploratory work that does not necessarily warrant a publication, so we propose that researchers place their exploratory analysis -- ideally including the code, data (if it is shareable), and descriptions of the study -- on a repository with a citable DOI. (Suitable repositories include figshare, Github and osf.io, and these can be integrated with DOIs generated from Zenodo or protocols.io). There are already some instances where exploratory analyses are shared in this way (see, for example, [@bib14]). For wider adoption of this suggestion, and to ease readability of exploratory analyses in repositories, developing a standardized template to describe the exploratory repository could be beneficial.

Challenges and conclusions {#s4}
==========================

We have outlined two proposals that implement open exploration with little infrastructural change. Together they would help to curtail the problems of closed exploration outlined previously: for example, by giving a place to exploration in journal articles, more parts of the scientific process will be conducted in the open, which would help to dispel the omniscience myth, and would also generate material that can be used for future investigations into good exploratory practices. Moreover, open exploration may make it possible to conduct meta-exploratory analyses that identifies both successful and under-exploited places in the parameter space to guide future work. This could be done by, for example, reviewing exploratory analysis repositories and presenting a summary of the parameter configurations that have been explored (noting where researcher degrees of freedom appear to make a difference) and the null and positive findings contained in the analyses.

We would also like to address some concerns that researchers might have about our proposals. First, some researchers may be hesitant to publicly display exploratory work that is incomplete, such as rough or messy code. However, sharing any code, even messy or rough code, is better than having no code accompanying an article: indeed, it has been shown that sharing any code at all increases scientific engagement with articles, as measured by citations, in image processing research ([@bib24]). See [@bib8] for more advice on sharing code (and data). Second, it is important that people do not overlook that null exploratory findings could be type-II errors (that is, false negatives). Third, there is also a possibility of more type-I errors (that is, false positives) in open exploration. However, as more exploratory analyses are shared, it may become possible to discriminate between findings worth confirming (be they negative or positive) and type-I or type-II errors due to factors such as a poor experimental design. At present, news of negative results encountered in unpublished work due to poor experimental design can only be spread through word-of-mouth, dissuading others from pursuing this line of research. Open exploration offers the possibility for these results to be evaluated. In sum, it is crucial that exploratory work should be seen as a guide for future work, not as definitively confirmed hypothesis.

Finally, there is the concern that positive or negative exploratory results that have not been confirmed may be adopted as facts or falsehoods by the public. However, misleading information already exists and gets proliferated as facts (see, for example, [@bib18]). With greater appreciation of exploration, the distinction between researchers producing tentative exploratory results and hypothesis-driven research will become more apparent to both scientists and a wider audience.

To conclude, open science has focused on confirmatory science and neglected exploratory science. Exploration exists, has scientific value, and is mostly closed. We propose open exploration, which involves bringing exploratory science out of the shadows into scientific papers and public repositories, and in doing so unlocks the potential of this essential part of the scientific process.
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In the interests of transparency, eLife publishes the most substantive revision requests and the accompanying author responses.

Thank you for submitting your article \"Open Exploration\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, and the evaluation has been overseen by myself (Peter Rodgers) as the *eLife* Features Editor. The following individuals involved in review of your submission have agreed to reveal their identity: Micheal de Barra (Reviewer \#2).

As you will see, the reviewers \#1 and \#3 were somewhat negative about the manuscript, whereas reviewer \#2 was more positive (though he also had concerns). I would be willing to consider a revised version of the manuscript, but it would require major revisions, and you may prefer to seek publication elsewhere.

Reviewer \#1:

The thesis of this article is stately concisely in the abstract and conclusion. Abstract: \"Science is in the midst of an open science revolution that focuses on conﬁrmatory research practices. This has the unfortunate byproduct of neglecting or even dissuaded \[sic\] good exploratory research.\" Conclusion: \"\...open science has focused on conﬁrmatory science and neglected exploratory science.\"

I don\'t agree. Of course this is an opinion piece, so I don\'t have to agree, but I think the authors fail to provide evidence that a problem exists - or put better, that the problem is as they state it to be. I summarize my main disagreements with reference to statements in the text.

1\) \"Science is in the midst of an open science revolution that emphasizes reproducible research, data sharing, standardization, and open access to scientiﬁc articles.\" To me this is a misstatement of what open science if about. Open science in my view emphasizes data sharing and open access. Reproducibility and standardization are extremely important but I wouldn\'t put them under the same heading. I never thought I\'d find myself quoting Wikipedia in a scholarly context, but here\'s how they define it: \"Open science is the movement to make scientific research (including publications, data, physical samples, and software) and its dissemination accessible to all levels of an inquiring society, amateur or professional\.... It encompasses practices such as publishing open research, campaigning for open access, encouraging scientists to practice open notebook science, and generally making it easier to publish and communicate scientific knowledge.\"

2\) \"Current prescriptions on how to integrate openness into empirical scientiﬁc practice have focussed on the conﬁrmatory stages\.... This focus gives the impression that conﬁrmatory research is the sole part of the empirical process worth pursuing and disseminating.\" Not in my world, which is biology, including some experience in cell biology, molecular biology, biochemistry, anatomy, physiology, developmental biology and neurobiology. I see that the authors are all from a psychology department so their world is surely different from mine. If the statement is true in their world, they need to (a) make that clear and (b) provide more evidence for this rather irresponsibly broad accusation.

3\) \"\...because the standard for current papers is a tight, clean, linear, and conﬁrmatory narrative, this encourages researchers to mischaracterize their exploratory science as conﬁrmatory science.\" Publication pressures are real and pernicious, especially in the for-profit top-tier journals. In my world, though, I don\'t see the pressures as regularly emphasizing confirmation. If anything, the pressure is for novelty, even when the foundation may be a bit shaky. So again, if psychology plays by a different set of rules, the authors need to specify who they are addressing and accusing.

4\) \"\...include the exploratory science as a distinct section in published papers\...\" I think this is a poor idea and would actually stigmatize the exploratory aspect. However, I don\'t dispute the authors\' right to make the suggestion.

5\) \"To move towards fully solving problems regarding the ﬁle drawer and avoiding redundant work by researchers, the non-publishable exploration has to be placed in the open too.\" There is a lot of merit to this idea, but it has some drawbacks that need to be described. One is that if \"exploratory\" research comes to be seen as \"whatever is stuck in your file drawer\" it becomes difficult for readers to know whether the negative result is real (in which case they can avoid redundancy) or whether it reflects poor experimental design and execution (in which case they might be dissuaded from a productive line of research).

Reviewer \#2:

I enjoyed reading this manuscript and am in agreement with many of the points raised about the importance of exploratory and descriptive research in contemporary psychology. In particular the paragraph on the motivation for making exploratory research open is excellent.

A few points to consider:

The authors write \"\[Open science\] has the unfortunate byproduct of neglecting or even dissuaded good exploratory research.\" Whatever the truth of this empirical claim, open science and exploratory research need not and ought not be seen in such a zero-sum light. The open science movement have made the distinction between exploratory and confirmatory research much clearer to researchers - our statistical tests only make sense in conditions where there are few degrees of freedom. But our new-found clarity about requirements of confirmatory research should liberate and legitimise exploratory and descriptive research since it no longer needs to \"pretend\" to be confirmatory (p-values, consistent results etc). This point is well made by Frankenhuis and Nettle 2018 (<http://doi.org/10.1177/1745691618767878>, see also other articles in this special edition). Useful to stress the compatibility of open science and exploratory research up-front rather than on page 3?

I am a little concerned that the authors \'proposals\' are either a bit arbitrary or already reasonably common. What's the difference between a separate \"exploratory\" methods / results and a pilot study? Many articles already clearly label confirmatory results (which where preregistered) and exploratory results (which were not preregistered). Figshare and OSF are already used to share datasets that may not warrant a publication.

While the authors mention that inferential statistics will play a reduced role in exploratory work, the language seems to assume null hypothesis significance testing: see, e.g., references to \"null finding\", \"failed hypothesis\" or \"success\" in exploratory research). While I don\'t think this is the intention of the authors, such language gives the impression that exploratory research is just \'failed\' confirmatory research. Moreover, it\'s likely that statisticians have written about good statistical approaches and NHST in exploratory work: is there anything useful they cite or describe here? (splitting datasets for explore and confirm, e.g.)

Relatedly, it would be useful to have more discussion of the kinds of exploratory research that the authors wish to create more space and prestige for. Paul Rozin\'s 2009 paper \"What Kind of Empirical Research Should We Publish, Fund, and Reward?: A Different Perspective\" provides some interesting examples of valuable non-confirmatory research. Tinbergen\'s 1963 comment that \"on its haste to step into the twentieth century and to become a respectable science, Psychology skipped through the preliminary descriptive stage that other natural sciences had gone through\" also springs to mind. Have the authors any thoughts on this?

Reviewer \#3:

The premise of this provocative article is mistaken: the open science \"revolution\" does not imply an increased bias towards confirmatory science.

As Wikipedia says, \"Open science is the movement to make scientific research (including publications, data, physical samples, and software) and its dissemination accessible to all levels of an inquiring society, amateur or professional.\" There is nothing in that statement that implies a bias against publishing exploratory work.

Open science practices already enable what the authors describe as \"exploratory data analysis\", by encouraging (or insisting) that scientists make data available when they publish results based on it. This is the proper time to release data, as uncurated data is worse than none at all, and the publication process is the best tool we have for judging whether data is meaningful.

The trend toward confirmatory science versus more exploratory work originates primarily in the practices of funding agencies and journals, and especially their reviewer communities. These communities are unduly influenced by the simplistic example of hypothesis testing commonly practiced in the biological and pharmaceutical sciences.

The authors introduce the term \"closed exploration\" to mean hiding the thought process that led to the hypothesis being tested. They describe well the disadvantages of hiding this thought process, and focusing only on hypothesis testing (called by others \"hypothesis-driven\" research).

However, this is not a new insight; for earlier discussions see Aragon \"Thinking Outside The Box: Fostering Innovation and Non-Hypothesis Driven Research at NIH\" (2011), Haufe \"Why do funding agencies favor hypothesis testing?\" (2013), O\'Malley et al \"Philosophies of Funding\" (2009), and McKnight \"The straight-jacket of hypothesis driven research\" (2015).

The proper remedy for this tendency to \"feign omniscience\" is for funding agencies and journals to recognize that the story science should tell is as much how we arrive at a good hypothesis, as how we test it. If that were more widely appreciated, material made public through open science channels would reflect that improved understanding of what science is.

Part of the authors\' prescription for addressing the tendency to feigned omniscience, is that journals should add \"exploratory\" methods and \"exploratory\" results sections to the conventional Methods and Results. This is fine as far as it goes; the structure of Methods and Results is ill adapted to telling a story of discovery, and there are many ways of improving upon it. Relaxing this rigid structure would improve journals that insist upon it.

The authors place considerable importance on what they call the \"file drawer problem\", which they describe as the accumulation of \"unreported exploration\". The novel aspect of their remedy for the present bias towards confirmatory science is to publish in online repositories incomplete stories - what they call \"exploratory analyses (regardless of success)\".

That prescription strikes me as naive, with regard to the social practice of science. Exploratory work is hard labor not valuable on its own - rather like preparing the soil for a garden. No one will be motivated to share that. Furthermore, exploratory work that has not yet led to a clear result is not really a tellable story. If the story is ready to tell, scientists are strongly motivated to tell it. There would be little value in fishing through accounts of other people\'s explorations, except to know what they have been trying to do - which no one would willingly submit to.

In summary, the authors need to think harder about the underlying causes of bias towards confirmatory research. The open science movement is not to blame, nor is it clear that it affords a remedy.
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Author response

\[We repeat the reviewers' points here in italic, and include our replies point by point, as well as a description of the changes made, in Roman.\]

> Reviewer 1:
>
> 1\) "Science is in the midst of an open science revolution that emphasizes reproducible research, data sharing, standardization, and open access to scientiﬁc articles." To me this is a misstatement of what open science if about. Open science in my view emphasizes data sharing and open access. Reproducibility and standardization are extremely important but I wouldn't put them under the same heading. I never thought I'd find myself quoting Wikipedia in a scholarly context, but here's how they define it: "Open science is the movement to make scientific research (including publications, data, physical samples, and software) and its dissemination accessible to all levels of an inquiring society, amateur or professional.... It encompasses practices such as publishing open research, campaigning for open access, encouraging scientists to practice open notebook science, and generally making it easier to publish and communicate scientific knowledge."

Reply: Firstly, we have revised our first two paragraphs to make a clear distinction between the ideals of open science and the policies and practices that implement it. Further, we have tried to be explicit about where/how exploration is being marginalized by these implementations.

Secondly, the reviewer is saying the reproducibility and standardization are not parts of open science by citing Wikipedia. Here we disagree with the reviewer. Academic sources, such as Nosek et al 2015 and the transparency and openness promotion (TOP) guidelines talk at length about reproducibility as part of an open research environment. Furthermore, our first citation (Levin & Lenolli 2017) talks about the broadness of open science. It contains the following text:

"the RCUK \[Research Councils UK\] Policy on Open Access poses challenges for researchers because papers reference to data sets, software, models, instruments, protocols, and know-how that should also be shared for the contents of papers to be intelligible and reproducible" (Levin & Lenolli 2017 pg 282-283)

We favor the peer reviewed academic definitions and policies of open science to the Wikipedia definition. As stated above, we have tried to be more precise with how we discuss open science. Together, we hope this alleviates the reviewer's concerns.

> 2\) "Current prescriptions on how to integrate openness into empirical scientiﬁc practice have focussed on the conﬁrmatory stages.... This focus gives the impression that conﬁrmatory research is the sole part of the empirical process worth pursuing and disseminating." Not in my world, which is biology, including some experience in cell biology, molecular biology, biochemistry, anatomy, physiology, developmental biology and neurobiology. I see that the authors are all from a psychology department so their world is surely different from mine. If the statement is true in their world, they need to (a) make that clear and (b) provide more evidence for this rather irresponsibly broad accusation.

Reply: Please see responses to point 1 above. Additionally, we now state:

We *fear that this focus* on confirmation gives the impression that this type of research is the sole part of the empirical process worth conducting openly, and so the only stage of research worth pursuing, receiving credit for having done, and disseminating. \[emphasis added\]

We have also included a disclaimer about our background and made it explicitly clear that we are not saying our discussion is a solution that necessarily applies to all fields:

Fourth, our experience is primarily in psychology and neuroscience, so our proposals may be best suited to these and related fields. However, we hope that they may be of value to other disciplines that are facing similar challenges as there is nothing discipline-specific about them.

> 3\) "...because the standard for current papers is a tight, clean, linear, and conﬁrmatory narrative, this encourages researchers to mischaracterize their exploratory science as conﬁrmatory science." Publication pressures are real and pernicious, especially in the for-profit top-tier journals. In my world, though, I don't see the pressures as regularly emphasizing confirmation. If anything, the pressure is for novelty, even when the foundation may be a bit shaky. So again, if psychology plays by a different set of rules, the authors need to specify who they are addressing and accusing.

Reply: We agree with Reviewer 1 that novelty drives publication pressure. Given this, we have added "novel" to the aforementioned sentence. However, we do not see novelty as necessarily linked to exploration and not confirmation. Indeed, from our perspective, top-tier journals want all of the things that we list ("...tight, clean, linear, novel, and confirmatory..."). In other words, a novel finding without confirmation is just a hunch that needs more research before being suitable for a top-tier journal.

However, we understand that our perspective may apply better to certain fields than others. This recognition is another reason why we have added the clarification about our disciplinary situation noted in reply to reviewer 1 point 2.

> 4\) "...include the exploratory science as a distinct section in published papers..." I think this is a poor idea and would actually stigmatize the exploratory aspect. However, I don't dispute the authors' right to make the suggestion.

Reply: We thank Reviewer 1 for their perspective on this point. We also appreciate that Reviewer 1 is open to our suggestion, even if they think it is a poor idea. We hope that this work starts a conversation about whether science can be improved by encouraging the open dissemination of exploratory science. We also hope that this conversation will yield new and perhaps better ideas for how to implement this.

Adding distinct section(s) for exploratory science in published papers results from two convergent considerations. First, given the central role that publications have in scientific discourse, we feel that including exploratory work within published papers is an essential part of opening exploratory science. Second, we think that it is essential that exploratory science is distinguished from confirmatory science, as they necessitate different statistical procedure and they should be evaluated differently. Given these two considerations, we feel that adding distinct sections in published papers has a potentially useful role in opening exploratory science. However, these details are beyond the scope of our short letter, and so we have not included any changes.

> 5\) "To move towards fully solving problems regarding the ﬁle drawer and avoiding redundant work by researchers, the non-publishable exploration has to be placed in the open too." There is a lot of merit to this idea, but it has some drawbacks that need to be described. One is that if "exploratory" research comes to be seen as "whatever is stuck in your file drawer" it becomes difficult for readers to know whether the negative result is real (in which case they can avoid redundancy) or whether it reflects poor experimental design and execution (in which case they might be dissuaded from a productive line of research).

Reply: We agree with the reviewer that this is a potential problem. We briefly touch upon this issue in the paragraph that begins with: "We have outlined how open exploration can be implemented but there are a number of concerns researchers may have". We stated that it was important for researchers to consider whether null exploratory findings were type II errors. We have expanded upon this, by now stating:

Second, it is important that people do not overlook that null exploratory findings could be type-II errors. Third, there is also a possibility of more type-I errors existing in open exploration which is a potential problem regarding the interpretation of exploratory findings. As more exploratory analyses are shared, it will become possible to detect when type-I and type-II errors are occurring due to additional factors such as a poor experimental design. At present, a closed exploratory type-II error due to poor experimental design could be spread through word-of-mouth at labs and conferences dissuading others to pursue this line of research. Open exploration offers the possibility for these results to be evaluated. In sum, it is crucial that exploratory work should be seen as a guide for future work, not as definitively confirmed hypothesis.

We hope we have managed to address the reviewer's concern and at the same time show how the concern is currently a problem with "closed exploration", and how "open exploration", if results are treated properly, helps alleviate this concern.

> Reviewer 2:
>
> The authors write "\[Open science\] has the unfortunate byproduct of neglecting or even dissuaded good exploratory research." Whatever the truth of this empirical claim, open science and exploratory research need not and ought not be seen in such a zero-sum light. The open science movement have made the distinction between exploratory and confirmatory research much clearer to researchers - our statistical tests only make sense in conditions where there are few degrees of freedom. But our new-found clarity about requirements of confirmatory research should liberate and legitimise exploratory and descriptive research since it no longer needs to "pretend" to be confirmatory (p-values, consistent results etc). This point is well made by Frankenhuis and Nettle 2018 (<http://doi.org/10.1177/1745691618767878>, see also other articles in this special edition). Useful to stress the compatibility of open science and exploratory research up-front rather than on page 3?

Reply: We strongly agree with Reviewer 2 that open science and exploratory research need not and ought not be seen in a zero-sum light. This point was a primary impetus for us to write this letter. We have made multiple changes to try to make this more clear. We would like to point out one salient example from the first page, in which we now say:

"Here we argue that exploration is compatible with open science and open exploration is beneficial."

We also add the following point, suggested by Reviewer 2, about the implications of the Frankenhuis and Nettle (2018): "Indeed, open exploration should provide a clearer distinction between exploration and confirmation that can help liberate and legitimize exploration (Frankenhais & Nettle, 2018)."

> I am a little concerned that the authors 'proposals' are either a bit arbitrary or already reasonably common. What's the difference between a separate "exploratory" methods / results and a pilot study? Many articles already clearly label confirmatory results (which where preregistered) and exploratory results (which were not preregistered). Figshare and OSF are already used to share datasets that may not warrant a publication.

Reply: First, we did not necessarily intend to claim these proposals were necessarily novel. We apologise if it read this way. We have explicitly added the following statement:

Second, because the standard for current papers is a tight, clean, linear, novel, and confirmatory narrative, this encourages researchers to mischaracterize their exploratory science as confirmatory science (Wagenmakers et al., 2012).

Second, despite the solutions not necessarily being novel, we hope that highlighting them may encourage their wider adoption. We see a parallel to the literature on preprints, which has many articles championing their benefits even if presented solutions are not novel. We think that championing some actionable implementations of Open Exploration is an important addition to this paper.

To our knowledge, the adoption of our proposed solutions is not commonplace. The reviewer is correct that many datasets are on Figshare and OSF. However, we are not merely suggesting that datasets be put online, but the entire analysis of what was explored on the dataset be shared. Indeed, it was challenging to find a single good example on Figshare or anywhere else that instantiated our vision of sharing their exploratory work in a repository. We now reference this example from Figshare. The text now reads:

Our second proposed solution would be for researchers to place their exploratory analysis on a repository (e.g. Github or Figshare). These repositories can have a citable DOI (e.g. via Zenodo or protocols.io). Such DOIs have been successfully implemented for software, datasets, and journal articles, allowing them to be credited by others (Peters, Kraker, Lex, Gumpenberger, & Gorraiz, 2017). There are already some instances where exploratory analyses are shared in this way (e.g. Konkiel (2016)). However, for wider adoption this suggestion requires researchers to consider presenting their analyses in a more organized fashion to maximise the utility of these repositories.

More generally, we feel that pre-confirmatory study exploration can be much broader than pilots, making our suggestion more than just detailing pilot studies. This point is made in our paragraph discussing the relationship between exploration and degrees of freedom ("Exploration can be understood...) and elsewhere.

> While the authors mention that inferential statistics will play a reduced role in exploratory work, the language seems to assume null hypothesis significance testing: see, e.g., references to "null finding", "failed hypothesis" or "success" in exploratory research). While I don't think this is the intention of the authors, such language gives the impression that exploratory research is just 'failed' confirmatory research. Moreover, it's likely that statisticians have written about good statistical approaches and NHST in exploratory work: is there anything useful they cite or describe here? (splitting datasets for explore and confirm, e.g.)

Reply: We agree that our language inappropriately assumes NHST and we have amended our language. Specifically, we changed "failed hypothesis" to "incorrect hypothesis" and "success" to "outcome" when talking about exploratory results. We have not changed the two instances of "null" findings, because this language could be used in any hypothesis testing framework. Further they only occur in the paragraphs either proposing additional ideas or talking about wider implications (e.g. saying "null exploratory findings" does not, to us, assume NHST given preceding text).

> Relatedly, it would be useful to have more discussion of the kinds of exploratory research that the authors wish to create more space and prestige for. Paul Rozin's 2009 paper "What Kind of Empirical Research Should We Publish, Fund, and Reward?: A Different Perspective" provides some interesting examples of valuable non-confirmatory research. Tinbergen's 1963 comment that "on its haste to step into the twentieth century and to become a respectable science, Psychology skipped through the preliminary descriptive stage that other natural sciences had gone through" also springs to mind. Have the authors any thoughts on this?

REPLY: Our answer to this is first get all exploratory research in the open, then we can truly see which we practice we should encourage and give more prestige too. We already had a sentence in the paragraph relating to the benefits of open exploration that stated:

"Conducting exploration in the open will also generate material that can be used for future investigations into good exploratory practices."

Furthermore, until exploration is fully in the open, it is unable to state an evidence-based opinion about this question so we do not think it is our place to advocate for specific types of exploration at present. However, also in conjunction to concerns about reviewer 3, we have brought up the literature regarding funding about non-confirmatory/exploratory research and state:

Routinely, advocates of exploratory research champion its value for science (Behrens, 1997; Franklin, 2005; Hollenbeck & Wright, 2017; Jebb et al., 2017; Tukey, 1980) and argue that it is insufficiently funded (Aragon, 2011; Haufe, 2013; Rozin, 2009; Wagner & Alexander, 2013)

This text now includes the Rozin paper the reviewer suggested. However while we like the comment by Tinbergen, we were unable to find a natural place for to place this reference in the article as we do not want to make the article solely about psychology. We have however added a number of additional references (see 0.2).

> Reviewer 3:
>
> The premise of this provocative article is mistaken: the open science "revolution" does not imply an increased bias towards confirmatory science. As Wikipedia says, "Open science is the movement to make scientific research (including publications, data, physical samples, and software) and its dissemination accessible to all levels of an inquiring society, amateur or professional." There is nothing in that statement that implies a bias against publishing exploratory work.
>
> Open science practices already enable what the authors describe as "exploratory data analysis", by encouraging (or insisting) that scientists make data available when they publish results based on it. This is the proper time to release data, as uncurated data is worse than none at all, and the publication process is the best tool we have for judging whether data is meaningful.

Reply: These points have been addressed in point 1 raised by reviewer 1. In brief, we have tried to be clearer in our first two introductory paragraphs where we see current initiatives (not ideals) of open science are adapted to confirmatory, not exploratory research.

> The trend toward confirmatory science versus more exploratory work originates primarily in the practices of funding agencies and journals, and especially their reviewer communities. These communities are unduly influenced by the simplistic example of hypothesis testing commonly practiced in the biological and pharmaceutical sciences.

Reply: We agree with Reviewer 3 that funding agencies and journals may play a significant role in emphasizing the tight, clean, linear narrative of confirmatory science. We make this explicit, and credit this point to the reviewer, by saying now by saying:

The current blueprint for a scientific paper encourages the author to feign omniscience: the exact correct hypothesis was known a priori, only a small number of confirmatory statistical tests were run to address that hypothesis, and the tests came out exactly as predicted (Grinnell, 2013). As pointed out by a reviewer, this blueprint is further perpetuated by funding agencies and journals that reward these practices. In reality, before any confirmatory tests are run, there is often significant exploratory science.

> The authors introduce the term "closed exploration" to mean hiding the thought process that led to the hypothesis being tested. They describe well the disadvantages of hiding this thought process, and focusing only on hypothesis testing (called by others "hypothesis-driven" research). However, this is not a new insight; for earlier discussions see Aragon "Thinking Outside The Box: Fostering Innovation and Non-Hypothesis Driven Research at NIH" (2011), Haufe "Why do funding agencies favor hypothesis testing?" (2013), O'Malley et al "Philosophies of Funding" (2009), and McKnight "The straight-jacket of hypothesis driven research" (2015).

Reply: We do not intend for this article to focus on funding in science. As the Reviewer points out, this has been the focus of multiple recent papers. We intend for our article to focus on open exploration, which to our knowledge is not addressed by the suggested papers. However, we acknowledge that exploratory research and funding has a long history together. Thus in our discussion of exploration we add the following sentence:

Routinely, advocates of exploratory research champion its value for science (Behrens, 1997; Franklin, 2005; Hollenbeck & Wright, 2017; Jebb et al., 2017; Tukey, 1980) and argue that it is insufficiently funded (Aragon, 2011; Haufe, 2013; Rozin, 2009; Wagner & Alexander, 2013).

Additionally, we address the role of funding in response to reviewer 3 point 2. However, we do not intend for this article to focus on funding in science.

> The proper remedy for this tendency to "feign omniscience" is for funding agencies and journals to recognize that the story science should tell is as much how we arrive at a good hypothesis, as how we test it. If that were more widely appreciated, material made public through open science channels would reflect that improved understanding of what science is. Part of the authors' prescription for addressing the tendency to feigned omniscience, is that journals should add "exploratory" methods and "exploratory" results sections to the conventional Methods and Results. This is fine as far as it goes; the structure of Methods and Results is ill adapted to telling a story of discovery, and there are many ways of improving upon it. Relaxing this rigid structure would improve journals that insist upon it. The authors place considerable importance on what they call the "file drawer problem", which they describe as the accumulation of "unreported exploration". The novel aspect of their remedy for the present bias towards confirmatory science is to publish in online repositories incomplete stories - what they call "exploratory analyses (regardless of success)". That prescription strikes me as naive, with regard to the social practice of science. Exploratory work is hard labor not valuable on its own - rather like preparing the soil for a garden. No one will be motivated to share that. Furthermore, exploratory work that has not yet led to a clear result is not really a tellable story. If the story is ready to tell, scientists are strongly motivated to tell it. There would be little value in fishing through accounts of other people's explorations, except to know what they have been trying to do - which no one would willingly submit to.

Reply: We respectfully disagree with the reviewer. Firstly, there is evidence that exploration is sometimes openly shared. We have now provide a citation to an exploratory analysis on Figshare (see response to reviewer 2 point 2). Second, scientific communication need not include storytelling. Indeed, there is a journal Matters dedicated to observational research where there is no story (see: <https://sciencematters.io/articles/140385074186>). Third, we believe that the open science movement involves encouraging a change in motivations and actions. Even if few researchers are currently motivated to share exploratory science, we are trying to propose solutions that may change their motivations and actions. Fourth, storytelling is a rhetorical tool to make science engaging, but the goal of science is not to tell a story. Science is about understanding and explaining the world. We think the opening exploration can help to understand and explain the world, even if it does not lend itself to story. Fifth, we explicitly put forward the need to systematize sharing exploratory research in such a way that dredging through what other people have done is not too hard to do. The reviewer may not want to participate in open exploration or contribute their research in this way, that is their prerogative. But we have provided evidence why we do not consider that this opinion is not representative of science as a whole.
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